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R334only human. Very recently, a senior 
research associate in my lab shared 
his experience of accidentally spilling a 
hazardous chemical on the floor and the 
small change he will make to contain 
such spills more safely in the future. I 
am grateful that he used his experience 
to help us all work smarter and safer. 
These two stories have been about lab 
mistakes, the last one will be about 
remembering to bring your whole game 
to your research. Software design and 
computer programming was my entry 
point into research as a high school 
student, skills that I further developed at 
University. Foolishly, I decided as a PhD 
student that I wanted to be a biologist, 
not a programmer and intentionally let 
my skills atrophy. Now, I am scrambling 
to get back in shape and update my 
skills so that our research need not be 
limited to the tools others build.
Can you identify some challenges for 
the scientific community? I greatly 
enjoy engaging with like-minded 
puzzle solvers with different training 
and knowledge, such as physicists, 
engineers, and computer scientists. 
The collaboration enables us all to think 
differently and to discover and solve 
intriguing problems. This is one of the 
many benefits of interdisciplinary work, 
but there are challenges, too. One is 
that each domain has its own lexicon 
that practitioners use reflexively and 
unconsciously. For example, if you say 
‘substrate’ to a biologist, you invoke the 
idea of enzymes acting on molecular 
substrates. But the same word spoken 
to a material scientist or engineer 
invokes an entirely different idea of a 
semiconductor substrate from which 
a device can be made. Often, the main 
signal we have for potentially comical 
episodes of mis-communication is the 
expression of deep confusion on your 
collaborator’s face. But, such non-verbal 
cues are entirely missing from e-mail 
and challenging to discern during video 
conferencing. Yet, in my experience, 
these cues are especially crucial for 
productive interdisciplinary work where 
you and your collaborators are not likely 
to share the same conceptual models. 
So, despite the amazing tools that 
we have for e-communication, old-
fashioned in-person meetings remain 
important.
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What are chordotonal organs? 
Chordotonal organs are miniature 
sensory organs present in insects 
and crustaceans but not found 
in any other class of animals. 
They are formed by repeats of a 
characteristic multicellular unit 
called the scolopidium (Figure 1). 
The copy numbers of scolopidia 
per chordotonal organ differ 
vastly between different insect 
species, and also between different 
chordotonal organs within the 
same species; they can harbour 
just one single scolopidium with 
only one sensory neuron, such as 
in the tympanal ear of a notodontid 
moth, or up to several thousand 
scolopidia, each equipped with 
between one and four sensory 
neurons, as in the antennal ears of a 
male mosquito. 
… and what do they do? Primarily, 
chordotonal organs are ciliated 
stretch receptors that innervate 
the joints of the insect body. As 
mechanosensors, chordotonal 
organs can act as proprioceptors 
(for example, leg chordotonal 
organs, which monitor the position, 
and relative motion, of individual 
leg segments, much like Ruffini 
corpuscles monitor finger position 
in the human hand) and as 
exteroceptors (for example, antennal 
chordotonal organs, which monitor 
air-borne vibrations caused by 
wind or sound waves, thus being 
functionally equivalent to human 
inner ear hair cells). Additionally, 
chordotonal organs have been linked 
to cold avoidance behaviour and 
the temperature entrainment of the 
circadian clock.
What do scolopidia look like? 
A single scolopidium typically 
contains two or three neurons, 
each with a single ciliated dendrite. 
Mechanically gated ion channels 
are thought to be located distally 
to a characteristic part of the upper 
Quick guide cilium, called the ciliary dilation (Figure 1). Next to the sensory 
neurons proper, each scolopidium 
harbours at least three other cell 
types: the cap cell that connects 
the neuron to the distal cuticle; 
the scolopale cell that surrounds 
the distal dendrite, forming a rigid 
basket of actin-rich rods (the so-
called scolopale rods) around the 
mechanosensitive dendrites; and 
the ligament cell, which may be 
necessary for anchoring the neuron 
to the proximal cuticle (Figure 1). 
The cavity between the scolopale 
and the neuron is thought to be 
filled with a specialized receptor 
lymph, which differs from the 
canonical extracellular fluid by 
being high in potassium and low in 
sodium, thereby closely resembling 
the endolymph that surrounds the 
mechanosensory hair bundles of 
cochlear hair cells.
Is there a ‘model’ chordotonal 
organ? Indeed, one might say so. 
Standing out as perhaps the first 
among equals is one particular 
chordotonal organ, which has been 
developed into a powerful model 
system for the molecular, cellular 
and mechanistic dissection of 
(mechano) sensation. This is the 
antennal Johnston’s organ of the 
fruit fly Drosophila melanogaster. 
Johnston’s organs are the largest 
chordotonal organs found in insects 
and localize to the antennae of 
most species, yet are particularly 
prominent in Diptera — flies and 
mosquitoes. Roughly 500 neurons 
make up the fly’s Johnston’s organ 
(compared with ~15,000 neurons 
in the Johnston’s organ of male 
mosquitoes). In Drosophila, one 
population of Johnston’s organ 
neurons has been shown to mediate 
the sensation of sound, whereas 
another population is involved in the 
sensations of wind and gravity. 
Further evidence suggests that 
the cellular specialization is mirrored 
by a molecular one: for example, 
sound-sensing neurons appear to 
depend on an ion channel from the 
NompC (also known as TRPN1) 
superfamily of TRP channels, 
whereas the function of the wind- 
and gravity-sensing neurons is 
independent of NompC. Ion channels 
from the TRPA family, in turn, seem 
to be required for the flies’ normal 
geotactic behaviour. 
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Figure 1. Schematic drawing of a scolopidium 
with one sensory neuron. 
Scolopidia are the elementary units of chor-
dotonal organs. These organs are involved in 
multiple sensory processes, including prop-
rioception, hearing, graviception, wind sen-
sation, thermosensation and sensory entrain-
ment of the circadian clock.Ok, but what are chordotonal 
organs good for? These organs 
are miniature compound sense 
organs; their ciliated neurons sense 
mechanical forces, such as those 
provided by sound, but chordotonal 
organs also contribute to 
temperature sensation and circadian 
clock entrainment. In a nutshell, 
or better said in a scolopale, 
chordotonal organs combine some 
of the major research avenues of 
today’s sensory biology and may 
well help shed light on some of its 
blind spots. Our knowledge about 
the molecular bases of auditory 
transduction, for example, is still 
very rudimentary, and contributions 
from simpler model ears, such as 
the chordotonal ears of insects, are 
thus highly welcome. We know even 
less about the sensory pathway that 
provides temperature information 
to the insect circadian clock. All 
we really know is that it somehow 
requires functional chordotonal 
organs. 
If there are no chordotonal organs 
in humans, what can they tell us 
then? Chordotonal neurons are 
ciliated cells and as such they 
can provide valuable insights 
into the genetic mechanisms of 
ciliogenesis and the molecular 
bases of ciliopathies — a human 
disease class associated with 
defects in the formation or function 
of cilia. Intraflagellar transport 
genes, as well as other genes that encode proteins necessary for 
functional cilia, are expressed in 
the chordotonal neurons. Mutations 
in their human homologues 
cause genetic diseases, such 
as polycystic kidney disease 
and primary ciliary dyskinesia. 
Understanding the specific roles 
of chordotonal organs in circadian 
entrainment would be a great leap 
forward for our understanding of an 
animal’s general sense of time with 
potentially significant implications 
for the understanding and treatment 
of human clock-related diseases.
The scientific relevance of 
chordotonal organs, however, 
not only draws on their roles as 
disease models or model sensory 
organs but also comes from the 
study of the genetic programs that 
orchestrate their development. For 
example, Atonal (Ato) is a proneural 
transcription factor that specifies 
chordotonal organ formation; its 
mouse orthologue Atoh1, in turn, is 
necessary for hair cell development 
in the cochlea, as part of mammalian 
auditory development. In the case of 
Ato, protein sequence (and function) 
are so highly conserved that the 
Drosophila atonal gene rescues the 
mouse mutant atoh1 phenotype, 
which includes axonal arborisation 
and sensory defects (such as 
deafness). The implications are 
far-reaching; the existence of direct 
homologues controlling neuronal 
specification in both insects and 
vertebrates indicates that the 
underlying transcription factors (and 
possibly their downstream molecular 
targets) are evolutionarily conserved, 
allowing researchers of vertebrate 
systems (including humans) to make 
powerful inferences from studies in 
Drosophila.
Downstream of Ato, the 
transcription factors Rfx and Fd3f 
control ciliogenesis and chordotonal 
cilia formation, respectively; each of 
these transcription factors regulates 
a certain cluster of genes, which is 
commonly referred to as its regulon. 
Regulons may well be described as 
the molecular units that form the 
actual building blocks of evolution. 
Understanding the evolution of 
regulators and their regulons will be 
key for understanding the evolution 
of sensory organ diversity and 
specificity. We expect that, here as 
elsewhere, chordotonal organs will 
make their due contributions. Chordotonal organs can teach 
us a lot about mechanosensation, 
the construction of cilia, and the 
evolution and development of 
sensory systems. There are no 
chordotonal organs in humans, but 
the genetic modules underlying 
the formation of sensory systems, 
and the operation of their sensory 
cells, are at least partly conserved 
between all animals. Most notably, 
some of today’s most promising 
gene therapy based strategies 
for healing human deafness use 
atonal-based approaches, pursuing 
the ultimate goal of replacing lost 
cochlear hair cells and thereby 
restoring hearing. 
Where can I find out more?
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